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Abstract
Climate change drives changes in organisms’ geographic ranges that can lead to shifts in
population structure. Unisexual (all female) Ambystoma salamanders reproduce via
kleptogenesis, resulting in ploidy-variable offspring. I analyzed genetic data of historic and
modern-day unisexual and A. laterale samples from the University of Michigan’s E. S. George
Reserve using epidermal cell nuclei measurements and microsatellite loci. I found that
population composition has shifted away from the more northern-distributed A. laterale and
toward populations dominated by unisexuals in five out of six ponds. There was a significant
relationship between the proportion of A. laterale to unisexuals and pond size but not between
the proportion of A. laterale and mean and maximum temperature, or canopy cover. Changes in
population composition could help reveal the susceptibility of amphibians to climate change and
whether adaptation can keep pace with rapid environmental change.
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Introduction
The Earth’s climate has warmed at an unprecedented rate over the past century due to the
burning of fossil fuels (IPCC 2007; IPCC 2014). The emission of greenhouse gases has resulted
in the expansion of the greenhouse gas layer, which is responsible for direct and indirect abiotic
effects such as a rise in average temperatures, melting of glaciers, and rise in sea level (IPCC
2007). These abiotic effects are affecting how organisms respond to their environment. Changes
in phenology and physiology, range shifts, and the composition and interactions within
communities and populations are all ecological responses observed in multiple taxonomic groups
as a result of anthropogenic climate change (Walther et al. 2002).
Latitudinal and elevational geographic range shifts, driven by climate change, are
occurring in multiple taxonomic groups (Chen et al. 2011). Using a meta-analysis of latitudinal
and elevational range shift studies, it was found that species have dramatically altered their
geographic ranges over time. Specifically, species distributions have shifted to higher elevations
by 11 meters per decade, and to higher latitudes by 16.9 kilometers per decade. Moreover, these
shifts were most drastic in areas that experienced higher levels of climate warming. These range
shifts could eventually lead to a change in overall community and population composition.
Anthropogenic climate change drives visible and often dramatic shifts in community and
population composition (Walther et al. 2002). For example, Swedish researchers used four
independent, long-term Swedish bird surveys to ascertain if changes in passerine bird community
composition could be attributed to fluctuating summer temperatures. Community Temperature
Index (CTI; a balance in abundance between low- and high-temperature dwelling species)
represented changes in community composition. In all four census schemes, changes in passerine
bird community composition (CTI) were closely associated with fluctuations in annual summer
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temperatures (Lindstrom et al. 2013), which suggests that relative abundance, and in turn,
community composition, could be affected by increased temperatures as a result of
anthropogenic climate change.
In addition to birds, climate-driven community composition changes have also been
observed in mammals and plants (Moritz et al. 2008; Munson et al. 2012). Using a broad
elevational transect and occupancy modeling, researchers quantified the impact of long-term
climate change on mammalian communities in Yosemite National Park. Twenty-eight species of
small mammals were monitored, and of those twenty-eight, half of the species exhibited
substantial contraction or expansion of their geographic range, which led to community
composition changes at mid and high elevations (Moritz et al. 2008). Contraction and expansion
of geographic ranges, and the often-associated species assemblage changes, are well-documented
organismal responses to anthropogenic climate change (Wilson et al. 2005; Hickling et al. 2006;
Parmesan 2006).
Plant communities have also undergone changes in composition due to anthropogenic
climate change. Desert plant species have adapted to a relatively narrow range of environmental
conditions, making them highly susceptible to climate change (Munson et al. 2012). Results
from long-term vegetation surveys indicated that species composition of xeric Arizona upland
habitats changed significantly in response to increasing annual temperature. Dominant tree and
shrub species, including Cercidium microphyllum and Fouquieria splendens, declined
dramatically on hillsides and south- and west- facing slopes within these upland communities.
Consequently, changes in these conditions could put pressure on productivity, as well as other
complex interactions within the ecosystem.
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Amphibians are expected to be highly susceptible to the alteration of temperature and
precipitation patterns as a result of anthropogenic climate change, which will ultimately impact
amphibian diversity and distribution patterns (Blaustein et al. 2002; Corn 2005). Because of their
highly permeable skin, amphibians often act as bioindicators. These taxa are especially sensitive
to even slight changes in temperature and moisture regimes, as well as increases in air, water,
and soil pollutants (Donnelly and Crump 1998). Amphibian declines have been attributed to
large-scale climate change, as well as localized extreme weather events, across multiple
geographic regions (Blaustein et al. 2010). Previous studies have found that changes in ambient
temperature, precipitation intensity and availability, and large-scale climate events such as El
Nino resulted in losses of amphibian populations, especially in tropical environments (Pounds et
al. 1999). For example, losses of amphibian populations in the Monte Verde cloud forest in
Costa Rica were correlated with dry periods associated with climate change (Pounds et al. 1999).
Similarly, Duarte et al. (2012) found that subtropical amphibian species were more susceptible to
climate warming when compared temperate amphibian taxa.
Moreover, drought and increasing temperatures in parts of western North America have
resulted in the loss of crucial amphibian habitat, which have contributed to the loss of local
amphibian populations, as well as overall biodiversity (McMenamin et al. 2008). Wetland
desiccation as a result of regional climate warming has caused amphibian populations to decline
over a 16-year period in Yellowstone National Park (McMenamin et al. 2008). Remote sensing,
species surveys, and climate monitoring revealed this recent warming caused severe declines in
four amphibian species that were once common throughout Yellowstone. This decline was
attributed to changes in the hydrological regime in the park’s wetlands. These desiccation events
directly affected the resident amphibian species. Moreover, the number of amphibian-occupied
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ponds throughout the park also decreased over the 16-year time frame. (McMenamin et al.
2008). Amphibians are highly sensitive to even slight environmental changes, which suggests
that changes in environmental variables could negatively impact amphibian communities.
Species that live within northern regions are suspected to be highly affected by increasing
temperatures (Walther et al. 2002). However, presence of microhabitats within a species’
geographic range could mitigate accelerated macroclimate changes. Microclimate conditions
within forested areas are often buffered from macroclimate influences, resulting in lower annual
and seasonal variability, and a greater amount of canopy cover often increases the level of
macroclimate mitigation (i.e., warmer minimum temperatures and cooler maximum
temperatures) (Didham and Lawton 1999; Keppel et al. 2017). For example, buffer effects from
Amazonian forests reduced microclimate temperatures by one-third compared to outside
temperatures (Ewers and Banks-Leite 2013). These findings indicate that macroclimate
temperatures can be mediated by higher levels of canopy cover, which could provide refuge for
species during accelerated climate warming.
Study System
Amphibian species that are adapted to cold climates may be most likely to be affected by
regional climate warming (Walther et al. 2002). In the Great Lakes region, the most northerndistributed salamander species is the blue-spotted salamander, Ambystoma laterale (Petranka
1998). Ambystoma laterale reaches the southern edge of its range in southern Michigan, where it
coexists with unisexual salamanders, an all-female lineage with biotypes comprised of genomes
from five different sympatric species (Bogart et al. 2007) (Figure 1). This unisexual speciescomplex reproduces using a mode known as kleptogenesis, in which unisexual females “steal”
sperm from sexual males of one of five species that reproduce in the same wetlands.
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Insemination by a sympatric male is necessary to trigger egg development. The zygote can
develop gynogenetically (excluding the male genome) or via incorporation of the male’s genome
into the offspring (ploidy elevation). This unique reproductive mode results in individuals having
biotypes (genome combinations) ranging from diploid to pentaploid.

Figure 1. Unisexual Ambystoma salamander biotypes include genomes from five salamander species (left to
right): Ambystoma jeffersonianum, A. tigrinum, A. laterale, and A. texanum along with A. barbouri (not
pictured). Photograph by Dr. Jim Bogart (Bogart et al. 2007).
Ecological factors appear to be an important driver of the distributions of unisexual
salamanders and their associated sexual species (Greenwald et al. 2016). Niche differentiation
was proposed as a possible mechanism that facilitates coexistence between sexual and unisexual
forms. Ecological theory predicts that complete niche overlap should be impossible, but
coexistence patterns may be altered due to rapid changes in climate. For example, when
comparing unisexual salamander distribution with that of A. jeffersonianum in Ohio, Greenwald
et al. (2016) found that higher temperature and precipitation were associated with higher
proportions of A. jeffersonianum as compared to associated unisexuals. These findings suggest
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that changes in temperature and precipitation could drive shifts in population structure of sexual
and unisexual salamanders.
In Michigan, the most common sympatric sexual species is A. laterale, whose range lies
further north than any other North American salamander species, which means A. laterale is
better adapted to cooler and wetter climates (Petranka 1998) (Figure 2). It is unknown whether A.
laterale and their associated unisexuals could respond differently to anthropogenic climate
change compared to what was seen with the more southern-distributed A. jeffersonianum. The
most common biotype found in Michigan is LLJ (two A. laterale genomes [L] and one A.
jeffersonianum genome [J]). The aforementioned biotype is also the most common in most
northern populations, which is likely attributed to a northward colonization following ancestral
contact with A. jeffersonianum (Bi et al. 2008; Teltser and Greenwald 2015). The presence of the
more southern-distributed A. jeffersonianum genome in unisexual salamanders could be
advantageous in a time of climate warming, giving an ecological advantage to polyploid
unisexuals relative to diploid A. laterale. In this region, the mean annual temperature has risen
2.3 degrees Fahrenheit from 1951 to 2017, while total precipitation has increased by 14 percent
(NOAA NCEI Climate Divisions; Global Historical Climatology Network Daily). As
macroclimate temperatures increase, the range of A. laterale populations could shift northwards
to track these cooler and wetter climates. In the southern parts of the range, this would result in a
higher proportion of unisexuals compared to their sexual counterparts. This study focuses on
unisexuals coexisting with A. laterale, as this species reaches the southern edge of its range in
southeast Michigan, and therefore might be predicted to have the strongest response to climate
warming in this region.
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A. laterale
A. jeffersonianum
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A. tigrinum
A. barbouri

Figure 2. Geographic range map of the five sexual species involved in the unisexual complex (Petranka
1998). The currently known range of the unisexuals is outlined in red. Map courtesy of Dr. Jim Bogart.
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The purpose of this study was to observe the shifts in Ambystoma population composition
(proportion of unisexuals to A. laterale) and whether these shifts follow current climate change
predictions, as well as whether microhabitat changes could mitigate these broader patterns. I
hypothesized that warmer temperatures will favor LLJ unisexuals relative to A. laterale because
of the presence of the southern-distributed A. jeffersonianum genome. I predicted that the
proportion of A. laterale will decrease over the designated time frame, and that this shift will be
less pronounced at ponds with higher canopy cover. To test this hypothesis, I analyzed genetic
data of current-day and historic salamander samples from the University of Michigan’s Edwin S.
George Reserve in southeast Michigan to assess changes in the proportion of unisexual
Ambystoma salamanders relative to blue-spotted salamanders, A. laterale.
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Materials & Methods
Study Site
The University of Michigan’s Edwin S. George Reserve (ESGR) is a 525-hectare fenced
preserve located in Livingston County, Michigan (42.588° N, 84.011° W). The reserve is
characterized by kettle-moraine topography, which results in the formation of numerous wetland
types including kettle ponds, vernal pools, swamps, and both submergent and emergent marshes.
The six ponds selected for assessment were those with previous data available for A. laterale and
unisexual salamanders (Skelly et al. 1999; Teltser and Greenwald 2015; Werner et al. 2007;
Greenwald lab unpublished data) (Table 1). These ponds were Cassandra Bog, Dreadful Hollow,
Ilex, Southwest Swamp, Southwest Woods, and West Woods Big (Figure 3).

Figure 3. Map of the six study ponds at the Edwin S. George Reserve in Livingston County, MI.
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I separated the six focal ponds into three canopy cover categories based on historic and
current aerial images: low, low to high, and high canopy cover. Cassandra Bog and Southwest
Swamp fall into the low canopy cover category, and are large, open kettle ponds (Figure 4A,
4D). Dreadful Hollow and Ilex have transitioned from open to closed canopy during the last 70
years and fall into the low to high canopy cover category (Figure 4B, 4C). Southwest Swamp and
West Woods Big fall into the high canopy cover category (Figure 4E, 4F) Cassandra Bog and
Southwest Swamp are permanent water bodies, while the remaining four ponds are vernal pools
that dry completely in most years (Collins and Wilbur 1979). In addition to classifying canopy
cover type, I obtained sizes of each focal pond using the “measure” function from data layers on
the Wetlands Mapper website (National Wetlands Inventory, United States Fish and Wildlife
Service).
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Figure 4. Aerial images of each focal pond from the 1950s (left) and current day (right): Cassandra Bog (A),
Dreadful Hollow (B), Ilex (C), Southwest Swamp (D), Southwest Woods (E), and West Woods Big (F).
Canopy cover category of each pond is indicated on the right panel of each photo.

13
Museum Samples
To determine historic population composition, I used museum samples of unisexuals and
A. laterale larvae collected at the ESGR and housed at the University of Michigan Museum of
Zoology (Table 1; UMMZ; Ann Arbor, MI; Skelly et al. 1999; Werner et al. 2007). The
preserved specimens were fixed in formalin, which render them unfit for genetic analysis.
Therefore, I used measurements of epidermal cell nuclei area to establish ploidy levels of the
museum samples following methods adapted from Licht and Bogart (1987). I excised tail tissue
from larvae and stored the tissue samples in a 10 percent formalin solution to preserve sample
integrity. I then rinsed each tailfin in distilled water, carefully placed the tailfin onto a
microscope slide, and mounted it using Fluoromount mounting solution (Southern Biotech,
Birmingham, Alabama). I imaged slides using a 40x objective on a light microscopy Nikon
Eclipse E400 microscope and NIS-Elements imaging software. Once pictures of each individual
tailfin were taken, I measured the area (µm2) of ten nuclei using the freehand selection tool in
ImageJ software (Figure 5). I compared museum sample nuclei measurements to measurements
described in Licht and Bogart (1987)(Table 2), and established the following criteria: animals
whose nuclei measurements were less than or equal to 260 µm2 were considered diploid A.
laterale, and animals whose nuclei measurements were greater than 260 µm2 were considered
polyploid unisexuals.
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Figure 5. Images of diploid (A), triploid (B), and tetraploid (C) larval salamander skin cell nuclei. An example of a
skin cell nucleus is circled in panel B.

Salamander Sampling
I sampled adult salamanders during the 2018 and 2019 breeding seasons (28 March–13
April 2018, and 28 March–20 April 2019). I only collected adults from Cassandra Bog and
Southwest Swamp since adequate current-day data were readily available for the other focal
ponds (Table 1; Teltser and Greenwald 2015, Greenwald lab unpublished data). Three sexually
reproducing Ambystomatids breed within these ponds: blue-spotted salamanders (A. laterale),
tiger salamanders (A. tigrinum), and spotted salamanders (A. maculatum). Unisexual salamander
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eggs are incompatible with A. maculatum sperm cells (Bogart et al. 1989), and unisexuals will
only utilize A. tigrinum sperm cells in the absence of A. laterale and A. jeffersonianum (Brodman
2010). Consequently, A. laterale are the only sperm donors found within the ESGR (Teltser and
Greenwald 2015). I placed minnow traps in each pond in order to capture breeding salamanders,
using methods adapted from Teltser and Greenwald (2015). I placed ten traps along the edge of
the ponds and checked them every 24 hours for three days. In addition to minnow traps, I also
sampled adults found via visual encounter survey and flipping of natural cover during the latter
half of summer 2018 and 2019 (4 June–6 August 2018, and 4 June–6 August 2019). I attempted
but was unable to capture larval salamanders during the summer of 2019. When animals were
found, I excised a five-millimeter tissue sample from the tail tip, which I stored in 95% ethanol
to avoid DNA degradation. Visual identification of A. laterale and associated unisexuals is
impossible in the field, therefore I identified individuals via genetic analysis in the lab.
Genetic Analysis
I genotyped 2018 and 2019 samples using a panel of microsatellite loci that amplify
different alleles in A. laterale and A. jeffersonianum and are variable enough to reliably
determine ploidy for each individual (Ramsden et al. 2006; Teltser and Greenwald 2015). I
extracted DNA from collected tissue samples using the QIAGEN DNeasy Blood and Tissue Kit
according to the manufacturer’s protocol (QIAGEN Sciences, Germantown, Maryland, USA).
After DNA extraction and purification, I used the QIAGEN Multiplex PCR (Polymerase Chain
Reaction) kit to amplify three tagged microsatellite loci. AjeD94 and AjeD346 amplify alleles of
different size ranges in A. laterale and A. jeffersonianum, while AjeD378 only amplifies in A.
jeffersonianum (Julien et al. 2003, Ramsden et al. 2006). Each locus was tagged with a
fluorescent dye to aid in electropherogram interpretation: AjeD94 was tagged with HEX,
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AjeD346 was tagged with NED, and AjeD378 was tagged with 6-FAM. PCR reactions consisted
of four microliters of Qiagen Multiplex PCR Master Mix, one microliter of primer, four
microliters of molecular grade water, and one microliter of extracted DNA. The PCR protocol
was as follows: 165 seconds of initial denaturation at 94°C, 34 denaturation cycles for 45
seconds at 94°C, a 45 second annealing period at 58°C, extension for 90 seconds at 72°C, and a
final extension step for five minutes at 72°C. The Georgia Genomics Facility (GGF, University
of Georgia, Athens, Georgia) added formamide and 500-ROX size standard to two microliters of
PCR product and genotyped all PCR products using an Applied Biosystems 3730xl 96 capillary
DNA Analyzer.
Electropherograms from the GGF were analyzed using the Geneious software program
(Biomatters, version 6.0.4; Kearse et al. 2012), and I verified allele calls following the Ramsden
(2005) protocol. I assigned ploidy to each individual using the maximum number of alleles
present at any locus for each individual (e.g., three peaks denote a triploid individual).
Landcover and Weather Data
In the summer of 2019, I measured perimeter canopy cover of each pond using a forest
densiometer (Forestry Suppliers, Inc., Jackson, Mississippi). At each cardinal direction (north,
south, east, and west) along the pond perimeter, I counted the number of open dots in each
square and multiplied each number by 1.04 to obtain the percent of overhead area not occupied
by canopy. I then subtracted these values from 100 to acquire the percentage of canopy cover. I
averaged measurements of each cardinal direction to acquire mean canopy cover of that focal
pond (Lemmon 1956).
In order to establish a change in canopy cover, I also estimated percent canopy cover of
all six focal ponds using aerial images of the ESGR from Google Earth Pro (Version 7.3.2) in
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1998, 2005, 2011, and 2018 to assess what canopy looked like in past years. Using the
“measure” function in Google Earth Pro, I measured the area of each pond occupied by canopy,
then divided this value by total pond area to obtain estimated percent canopy cover (Table 3).

Table 3. Percent canopy cover estimates from 1998, 2005, 2011, and 2018 for each focal
pond.

I collected minimum, maximum, and mean temperature using Thermochron iButton
temperature sensors (Maxim Integrated Products, San Jose, California). I placed three iButtons at
each pond during the latter half of the 2019 field season (4 June–1 November 2019). At every
120 degrees around the perimeter of the pond, I placed one iButton, which sat one meter away
from the edge of the waterline. Each iButton sensor recorded ambient temperature in two-hour
intervals.
Data Analysis
Samples were binned into four time categories for analysis based on the year they were
collected: 1996-1997, 2000-2005, 2011-2013, and 2018-2019. I performed a Pearson’s
correlation analysis between the following environmental variables: pond size, percent canopy
cover, minimum temperature, maximum temperature, and mean temperature using JMP software
(Version 14). Any pairwise comparisons with a Pearson coefficient of 0.8 or greater were not
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used in subsequent analysis (Table 4). I ran simple linear regressions with the proportion of bluespotted salamanders as the response variable, and each retained environmental variable as the
predictor variable.
In order to test the hypothesis that the proportion of A. laterale has changed over time, I
ran a repeated measures ANOVA (IBM SPSS Statistics Version 26) to see if there were any
significant differences between the proportion of A. laterale in each designated time period.
Cassandra Bog and Southwest Swamp, as well as the 2018-2019 time category, were excluded
from this analysis due to missing data (Table 1). SPSS performed an automatic listwise deletion
of these two ponds, so only Dreadful Hollow, Ilex, Southwest Woods, and West Woods Big
were included in the repeated measures analysis. I also ran a repeated measures ANOVA to see
if there were any differences between the proportion of A. laterale in the four aforementioned
ponds over time.
I ran a simple linear regression to see if variation in the proportion of A. laterale across
the four time categories could be attributed to canopy cover. The 2000-2003 and 2004-2005 time
categories were combined in order to retain all six focal ponds within the regression. I used the
mean proportion of A. laterale at each pond as the response variable. I divided the six focal
ponds into the three canopy cover categories: high, low to high, and low canopy cover.
Southwest Woods and West Woods Big fall within the high canopy cover category, Dreadful
Hollow and Ilex fall into the low to high canopy cover category, and Cassandra Bog and
Southwest Swamp fall into the low canopy cover category. I used these three canopy cover
categories as the predictor variables.
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Table 4. Pearson’s correlation coefficients for each pairwise comparison of the environmental variables.
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Results
Population Composition
I found significant differences in the proportion of A. laterale across the three time
periods (F= 6.63, df = 1.00, p = 0.042). There were no significant differences among the four
ponds over time (F = 0.677, df = 1.73, p = 0.528). The proportion of A. laterale declined relative
to their unisexual counterparts in five out of the six focal ponds (Figure 6). Southwest Swamp
was the only pond in which the proportion of A. laterale increased over the designated time
frame.
Landcover and Weather Data
I found a significant relationship between the proportion of A. laterale and pond size; the
proportion of A. laterale increased as pond size increased (F = 10.67, df = 5, R2 = 0.73, p =
0.031; Fig. 7). There was no significant relationship between the proportion of A. laterale and
other environmental variables (mean temperature: F = 0.396, df = 4, R2 = 0.12, p = 0.57;
maximum temperature: F = 8.48, df = 4, R2 = 0.74, p = 0.062; percent canopy cover: F = 2.08, df
= 5, R2 = 0.34, p = 0.2230; Fig. 7).
I found no significant relationship between the mean proportion of A. laterale and the
three canopy cover categories (F = 6.76, df = 5, R2 = 0.62, p = 0.065; Fig. 8).
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Figure 6. Bars represent the proportion of A. laterale over the designated research time frame for each
focal pond: Cassandra Bog (A), Dreadful Hollow (B), Ilex (C), Southwest Swamp (D), Southwest
Woods (E), and West Woods Big (F). * indicates which ponds were included in analysis.
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Figure 7. Linear regressions of the proportion of A. laterale and iButton mean temperature (A),
iButton maximum temperature (B), densiometer percent canopy cover (C), and pond size (D).
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Figure 8. Linear regression of mean proportion of A. laterale and the three canopy cover categories:
1) low canopy cover, 2) low to high canopy cover, and 3) high canopy cover.
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Discussion
Population Composition
I found a significant reduction in the proportion of diploid, sexually reproducing
A. laterale relative to unisexual salamanders between the five time categories (1996-1997,
2000- 2003, 2004-2005, 2011-2013, and 2018-2019; p = 0.029), supporting my hypothesis that
that warmer temperatures will favor LLJ unisexuals relative to A. laterale because of the
presence of the southern-distributed A. jeffersonianum genome. The proportion of A. laterale
decreased at Cassandra Bog, Dreadful Hollow, Ilex Pond, Southwest Woods, and West Woods
Big. Only Southwest Swamp, an open canopy pond, experienced an increase in the proportion of
A. laterale across the research time frame. The presence of the southern-distributed A.
jeffersonianum genome in unisexual salamanders in southeast Michigan could provide an
advantage over A. laterale, the most northern-distributed sperm donor involved in the unisexual
complex. As the climate warms, the range of A. laterale could shift to track the cooler climates to
which they are adapted. These findings suggest that the changes in population composition of
sexual and unisexual salamanders at the ESGR could be attributed to climate change, although
other causes cannot be ruled out.
Kleptogenetic reproduction provides an ecological advantage to unisexual salamanders,
as these females are able to use genes from multiple sexually reproducing salamander species.
Consequently, the range of unisexual females can extend outside the range of their original
obligate sperm donor (Bogart and Klemens 2008). If, as predicted, the geographic range of A.
laterale shifted northwards due to an increase in temperature, and those sites were then colonized
by another sperm donor species, unisexual populations would still be able to persist. My results
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suggest that unisexuals may have an advantage over A. laterale in this region and could fare
better in the face of anthropogenic climate change.
Although this distinctive reproductive mode facilitates unisexual coexistence with diploid
species within similar habitats, there are also several ecological disadvantages attributed to
kleptogenesis. Previous studies have found that important life history traits including dispersal
ability (Denton et al. 2017), larval competition (Brodman and Krouse 2007), mate choice
(Dawley and Dawley 1986), and fecundity (Uzzell 1969), all favor the sexually reproducing
sperm donors involved in the unisexual complex. A species’ dispersal capability is a key
mechanism that inherently affects biodiversity, which ultimately dictates population structure
(Berdahl et al. 2015). In 2017, Denton et al. found that sexual Ambystoma species possessed
better dispersal capabilities when compared to their unisexual counterparts. Sexual species
walked four times father than unisexuals during endurance and locomotion trials, which suggests
that unisexuals are at a distinct disadvantage when it comes to colonization ability (Denton et al.
2017). In addition to dispersal capability, a previous study on sexual and unisexual larval
coexistence found that sexual larvae exhibited better larval competitive ability when compared to
unisexual larvae. Brodman and Krouse (2007) found that A. laterale and A. texanum larvae used
microhabitat partitioning in order to avoid the larger, intraguild unisexual predators. Through this
microhabitat partitioning, sexual larvae were able to decrease both their movement and energy
expenditure, and ultimately reduce intraspecific competitive pressure. Microhabitat partitioning
by sexual larvae could provide an ecological advantage against unisexual larval salamanders
allowing sexual populations to persist alongside unisexuals. In addition to better larval
competitive ability, males of sexual species are able to discriminate between diploid and
unisexual females using chemical cues (Dawley and Dawley 1986). Using these cues, males can
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differentiate sexual females from unisexuals, most likely before courtship occurs, and show a
clear preference towards conspecific females. Although males exhibit a preference towards
females of the same species, in areas where diploid females are rare, males could be more likely
to mate with unisexual salamanders. This forced mate choice could lead to an unstable
population dynamic between sexual and unisexual salamanders, which could explain the
relatively rapid changes seen in other sexual and unisexual populations (Uzzell 1964; Dawley
and Dawley 1986). Though many key life history traits often favor sexually reproducing
salamander species, results from my study suggest that the population composition is shifting
away from A. laterale and towards unisexual salamanders. This suggests that climate change is
creating more favorable habitat for unisexual salamanders in southeast Michigan, and despite the
disadvantage associated with unisexual reproduction, these large-scale changes may favor
unisexuals in this region.
While these results suggest that changes in the population composition at the ESGR
could be attributed to climate change, these shifts could also be a result of a phenomenon known
as the Clanton Effect (Clanton 1934). Clanton hypothesized that as a consequence of the allfemale reproduction of unisexual salamanders, the proportion of sexual males will decline over
time. Sexually reproducing females invest around half of their resources into producing male
offspring, while asexually reproducing females invest all of their resources into producing clonal
female offspring (Smith 1971; Smith 1978). Consequently, producing all-female offspring is
much less energetically expensive when compared to producing males and provides an
evolutionary advantage for unisexual organisms. This decline in males would ultimately result in
the extinction of unisexual populations within those sites, since the females will no longer be
able to use spermatophores from these males to initiate egg development. Over time, sexual
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populations would recover, which would then allow unisexual populations to rebound and gain a
foothold at those sites. This cyclical effect on the population composition of sexual and
unisexual populations described by Clanton (1934) could explain why the composition of
populations at the ESGR are changing over time. However, changes in climate over time could
be further exacerbating the Clanton Effect, suggesting that these two factors could be occurring
simultaneously. Warmer temperatures would provide more favorable habitat for unisexual
salamanders, which would accelerate the cyclical rise and fall of sexual and unisexual
populations. In order to distinguish between effects of climate change and the Clanton Effect,
long-term temporal, genetic, and weather datasets from the ESGR would be needed.
Landcover and Weather Data
I found a significant relationship between the proportion of A. laterale and pond size; the
proportion of A. laterale increased as pond size increased. Due to this higher water volume,
larger ponds require significantly more energy to change the water temperature, suggesting that
larger ponds could remain cooler for longer periods of time when compared to smaller ponds.
Past studies have found that wetland size plays an influential role in amphibian diversity,
richness, and density (Babbitt 2005; Semlitsch et al. 2015). Cooler water temperatures in larger
ponds could explain why the proportion of A. laterale increased with increasing pond size.
Larger ponds could provide refuge for cold-adapted species such as A. laterale during times of
temperature increase due to climate change. However, larger ponds are more likely to support
predatory fish populations (Babbitt 2005; Semlitsch et al. 2015), and often have other relevant
differences in ecological communities.
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Previous studies have found that amphibian species are highly affected by varying levels
of canopy cover (Skelly et al. 1999; Werner and Glennemeier 1999; Skelly and Freidenburg
2000; Skelly et al. 2002; Halverson et al. 2003; Skelly and Golon 2003). Several amphibian
species experienced lower survival and growth rates in ponds with higher levels of canopy cover,
which could, in turn, affect population structure and composition within those sites. Lower
temperatures, as well as available resource quality as a result of higher levels of canopy cover,
could be the potential underlying mechanisms responsible for these lower survival and growth
rates (Skelly et al. 2002; Skelly and Golon 2003). Although I found no significant relationship
between the proportion of A. laterale and percent canopy cover, as well as no significant
relationship between the mean proportion of A. laterale and the three canopy cover categories
(low canopy, low to high canopy, and high canopy), there was a distinct trend towards a higher
proportion of A. laterale at ponds with lower levels of canopy cover. This trend could be further
investigated by increasing the number of ponds with differing canopy cover levels. These
findings were contrary to my prediction that the proportion of A. laterale relative to unisexual
would be higher at ponds with higher levels of canopy cover. Cassandra Bog and Southwest
Swamp, which have the lowest levels of canopy cover, had the highest mean proportion of A.
laterale. These results suggest that canopy cover does not play a strong role in shaping the
population composition of sexual and unisexual salamander populations within southeast
Michigan, however there are most likely several other factors besides canopy cover that play a
role in population dynamics in these ponds. This could include light levels, plant community
type, and woody species type.
Temperature is an important driver of physiological processes that amphibians rely on to
persist, such as thermoregulation and metabolism. Since amphibians are ectotherms, disruptions
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in the external environment as a result of climate change could alter species’ ability to maintain
these processes, making amphibian susceptible to further population declines (Corn 2005). I
found no significant relationship between the proportion of A. laterale and the mean and
maximum air temperature surrounding each focal pond. These results are contradictory to
previous findings, since amphibians rely heavily on temperature to carry out key life history
events (Corn 2005). Therefore, future directions of this study could include collecting water
temperature data from each pond, since I only collected ambient air temperature.
Previous studies have suggested that anthropogenic climate change is having both direct
and indirect effects on amphibians at multiple ecological levels (Blaustein et al. 2010). Multiple
climate model scenarios predict that amphibians will undergo shifts in their geographic ranges.
Furthermore, changes in temperature and precipitation regimes will ultimately affect key
amphibian life history events such as reproduction, growth, survival, and dispersal. In addition to
these direct effects, indirect effects such as alteration of suitable habitat for amphibians, as well
as changes in predator-prey and competitive dynamics, will ultimately change amphibian
community and population structure and composition. Climate change will also alter how deadly
amphibian diseases manifest and could also greatly influence pathogen-host dynamics. These
complex direct and indirect effects are most likely interconnected; however, all of these factors
play a critical role in amphibian declines and extinctions (Blaustein et al. 2010). Studying how
these factors could be altered as a result of climate change could provide insight into how
amphibian populations are responding to accelerated climate change, and whether these
populations can keep pace.
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